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To Insure p high probability r - r suoc pb of th ’ ' ; SH lunar orbit 

irons, proerdur ist 1 loped for i Itoring of th i prir i 
CfeN system, monitoring of the trtnsfer orbit, end providing for hackle- 
navigation and control in the event of a partial or complete prl 
cyst cm failure. Some progress lias already been made tov: x-u establishing 
thoro procedures. Studies have boon conducted by the NASA and at 
contractor fuel! itiec (references 1 to 4) relative to both Geminl/Agcne 
rendo/vous maneuvers and to tb’l/Ci 1 lunar orbit- rendezvous in which 
monitoring and backup control requirements have been invcsM gated. All 
of these studies hnvo been useful in providing i if or nation that can be 
either extrapolated or applied directly to the lunar rendezvous maneuver. 

More recently, the Guidance and Control Division conducted a simulation 
study cf the lunar orbit rendezvous lo evaluate control modes which could 
possibly backup the primary guidance system (reference $)• Tills particular 
study assumed a direct-ascent flight p i for LHM/CSM rendezvous and the 
existence of an on -board rendezvous radar in the I EM, The present study, 
described herein, is basod on a paiking orbit mode of rendezvous termed 
the concentric flight pi tin (CM). It could be implemented with either t. 
rende zvous radar (h'U) or a LFii optical rendezvous syst?: (LORS) , The 
purpose of this ih . 2 tion was to (1) determine the b it brakii sol 3 -i 
for the CFP, (2) evaluate possible backup control nodes for tho CI’P a;;'.a . ing 
an optical tracker, and (3/ compare the ^ V performance of backup control 
modes for the I. till using the optical tracker with that of the LiM using the 
rendezvous radar. 


SCOPE OF STUDY 

For this study it vas assumed that the primary system had failed prior to 
the transfer injection maneuver and that the transfer injection and 
midcoursc correction maneuvers had been made with the AGS using KSFN navi- 
gation data. 

The backup control modes were evaluated for the terminal phase of 
rendezvous. Each transfer was initiated at an approximate range of 
60,000 feet and terminated at a range of the order of 100 feet with a 
range-rate of loss than 1 fps. An illustration of the nominal CFP and 
the portion studied in this simulation is given in figure 1. The basic 
assumptions used in this study were (l) the CSM coulu be seen from the 
kiM by the unaided eye at a range of 1 1> n.m. because of the luminus 
beacon on the CSM or sunlight reflected off the CSM; {?) sufficient 
ground tracking v/as available to allow MSFU to update the J.jS- 1 with relative 
range to CSM, relative range-rate, and transfer altitude prior to the 
terminal phase; and (3) the LiM spacecraft vas attitude stabilized using 
th_ abort guidance section (AC.S) inertial, reference system. 
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SYMBOLS 


(A, E) 


(F , F , F ) 
' x* y' z 


I (RCS) 

sp 

I (/.SC) 

Bp 

(I , I , I ) 

xx’ yy zz 

(I . I , I ) 
xy* xz* yz 


( V X r> V 


(M , M , M ) 
cq* cr* cp 

(q> r, p) 


(r fx» r fy’ 


Azimuth end elevation angles of the CSM with respect 
to th( LK' body axis system, degrees 

Euler angle transfor; nticn rritriv from inertial to 
bill body axis system 

Inverse of [B] . 

body translation thrusts transformed to the inertial 
ares, lb 

Earth gravity, 32.2 ft/scc 

Universal gravitation potential, 3.44 x 10“ ftylb-sec* 

Specific impulse of RCS jet fuel, sec 

Specific impulse of ascent engine fuel, sec 

Moments of inertia of LEM about its principal axes, 
slug-ft^ 

p 

Products of inertia of LEM, slug-ft’ 

Attitude feedback gain 
Rato feedback gain 
Attitude controller gain 
Attitude control moment arms, ft 

Characteristic jet damping moment arm, |z^ - ft 

Mass of LEM, slugs 

21 

Mass of moon, 5.02085 x 10 slugs 
Attitude control moments of LEM, ft-lb 
LEM angular rates about its body axes, deg/sec 
Inertial position vector of LEM, ft 
Components of r^., ft. 
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SYMBOLS (Conti nu o ) 


IT 


S 

t asc 

t rcs 

(T x , T y , T # ) 

av 

X cg 

( x b > V V 

(X- B , Yp, Zp) 

( X ji ) 

Y 

eg 

z 

eg 

Z , 
pads 

Z RCS 

Z ASG 

Z ASCXP 


( £ °6 > ^ V "6 > ^ 8 ' 
(e, V » 0) 


Inertial position vector of CSM, ft 

Range vector of LFM with respect to CS. i, fi 

Laplace operator 

LEM RCS thrusters 

Ascent engine thrust, lb 

RCS thiaist, lb 

Total thrust along the LEM X^, Yp, Z^ axes, lb 

Characteristic velocity, ft/scc 

Location of LEM c.g, along the X^ axis, ft 

LEM body trees 

Component;- of it along the I>EM body axes, ft 
Components of it tloj.fi the inertial ones, fo 
Location of Ll'M eg along the Yp axis, ft 
Location of LIM eg along the Z fo rods, ft 

Location of I.EM leg pads along the axis, ft 
Location of LEM RCS jet plane along the 7^ axis, ft 
Location of LEM ascent engine attachment point, ft 
Location of LEM ascent engine exit plane, ft 
Error signal 

Pitch, yaw, end roll error signals 

Pitch, yaw, and ro31 error signals transformed to the 
LEM body axes 

Pitch, yaw, and roll angles, degrees 






h 


I 







(W'-c. V 

A 


% 

Tz 

UJ 


l'ltch, yuw, end roll commanded anglon, degrees 

Central angle to OS'-! measured from landing alto, 
degrees 

Time delay of RCS jets, sec 

Time delay of reference attitude feedback signal, sec 
Angular velocity of the CSM local vertical, rnd/ncc 






SUBSCRIPTS 

o Initial veluo 

t With resepet to time 

One dot over a quantity denotes the first derivative with respect tc time 
and two dots over a quantity denotes the second derivative with respect to 
timo. An arrow over a quantity denotes a vector. 


►-r*- 
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DESCRIPTION OF SUTJnATION 
General 


Th LrM and C * v . 1? • : . : 1 •I’li* i-c f-frc I i , 

respec tively, us) tig general purpose computing equipment coupled vi th ft 
fixed-base simulator cockpit containing the pilot controls t .»d insti 

displays and an out-the-window display. A block diagram of the computer 
mechanisation is shown in figure 2. The translation equations of motion 
of tho LEM relative to the CSM were mechanised on a digital differential 
analyser (DDA). A gorcrcl purpose digital ccmputor vac util izod for inputs 
to and outputs from the problem and for controlling tho operational modes 
of tho DIlA. Tho rotational equations of motion of the LEM relative to an 
inertial set of axon v;ore mechanized on an analog computer. Another analog 
computer was used to continuously compute inertia 1-to-body and body- to** 
inertial transformations, v/hich in turn, were used to compute target 
line-of-sight information. The analog computers received inertial 
position and velocity data from the DDA through digital to analog 
converters. The jot select logic was mechanized using special purpose 
electronics. 

A virtual image optical display system war. used to present an out-the- 
window display of tho CSM to the pilot. For tho purposes of this study, 
tho CSM was represented by si 11 light source in the display until a 
relative range of 1^00 foot v/as reached. At tills range, target growth 
became apparent and continu' d ’to increase until it appeared as a 16-fuot 
square planar surface at zero range. Inertial velocity data were fed to 
tho special purpose digital display computer to continuously update the 
target position. Control of the terminal rendezvous vac m . iritainod by 
the pilot through monitoring of the flight instruments and visual 
displays. 


Equations of Motion 

The relative motion of tho L51i with respect to the CSM was expressed in 
six* degrees* of -freedom and was represented by translation and rotation 
equations of motion v/hich wore derived for an inertial coordinate system 
centered in the moon as shown in figure 1. The moon model was considered 
to be spherical and nonrotational. The Zp~axis is directed positive away 
from the landing site (landing site vertical), the Xj-axis is parallel to 
the landing site horizontal pointing west, and the ip-axis completes the 
right-handed set. A detailed block diagram of the translation equations 
of motion are shown in figure 3. 
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The rotation equations of motion, fir mechanic' d In the attitude control 
syr.tr* , for the pilch, yaw, and roll axes r ro shown In figures 4, 5, and 
6, J ti ly . 1 1 •;/ • * ' 1 ■ fig. • 7 : 

the Euler angle 8 ;e used to reference the LEM body axes wit 1 i >ect 
to the Inertial roforence wao 0, X / r , ftf. 


Sir r ilatod LEM 


The I.K1 muss was given an initial value of 159 *0.ug3 and changed an 
attitude and translation fuel was consumed. An Iep of 275 seconds was 
used for the KGS jets. Ascent engine thrust was not used. Details of 
the moments find products of inertia used in the simulation are given in 
Appendix A. 


Co ckpit Displays. - LKM flight displays usod In the study were: range, 

range-rate, attitude and attitude rate, LOS angles, LOS angular rates, 
AM, percent fuol remaining, and event timer. An MK9guneighl was used as 
a collimated reticle and was bore sighted along the X-axis. A 5-digit DVil 
was used to simulate tho data entry and display assembly (D&D/i) of the 
abort guidance section (AGS) . A photograph of the control* and displays 
of the simulated LT:M cockpit is given in figure f>. 


2 lati 1 Coni . • 1 lati t trol \ obtained uc ing onlj ' 1 • 
rfos jots. Signals from tho bill translation contro* 1 stick v/orc applied to 
a jet select logic box. On-off thruster firing with a thrust buildup and. 
delay time constant of 15 millioeco is was used to. simulate the actual 
reaction jet response* Translation acceleration vs 1.25 fp.t* u * . two 
jots, A two-position switch allowed four jets to be usod when desired, 

. Lch gave an acceleration of 2,5 fps* in the direction of tho minus 

Z-body axis. 


Atti tud e Control . - Since tho primary system v/as assumed to have failed, 
the attitude control modes simulated v/ore thoso normally available v/ith 
the LEM SOS, i.e., (l) NORMAL (PRM-rato command attitude hold) , 

(2) PULS.G (minimum impulse-open loop), and (3) DIROCT (on-off -open loop). 
These modes of operation were implemented by directing signals from an 
Apollo attitude controller to the jet select logic and signal modulation 
box. The attitude control accelerations for pilot pitch, roll, and yaw 
wore 24.7, 2.7, and 21.0 degrees per second pci second, respectively, 

using tv/o RGS jets. The maximum attitude rate was limited to 20 degrees 
per second in NORMAL mode. 
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•*.- Two possible configurations wore : ' ' • tod. Both 

assumed that t);* • AC/S could perform the rend: :;vous tr/in:.f .'- injection m 1 
could ask* midoourse oorret using in ca 1 lgatl s 

However, in the firj.t configui-fatJoi Jt wu] t.r,;. ' that the AfiS di ■■■ not 

have the oap r Mlity to cor.puto rf-ngo and r ■ ■ gc-r tc- for pilot di play. 

Ln thi Lon. a < I 1 nation of range and 1 

wi obtained by tho pilot using clapsi A bine, aa displayed on tho DF.DA, 
and flight chart#. Tho secord configuration assumed that the AGS could 
continuously compute range and rango-rato for pilot display. Thru**., two 
quantities could bo selected on tho DfOA using a two-position toggle switch. 

Rond of. von 3 DcMv.- The simulated L’vl RR presented displays of range, 
range-rate, LOS angles, and LOS rates. These radar quantities were 
displayed to the pilot only for the backup control mode which assumed 
the RH as tho LRI on-board navigation source, Tho current error model 
of the LHM HU was used, tho most significant error being a 0.2 ir.r/sec 
uncertainty in tho LOS rate. 


Data Acquisition 

Data wore obtained for each run by a digital printout of pertinent 
variables every 60 seoonds • The variable! reeoi 3 ! v *ci (l) components 
of* relative positl . itor of LEM (X, V, 2), (2) c j ts of 
velocity vector of LHM (X, Y, ft), (3) range (r), (/,) range-rate (>’’). 

(3) azimuth rat f (A), (6) elevation rate (ft), ('/) relative velocity 
chsngc due to thrust (£V), (8) clrpoed time (t), (9) attitude fuel 
used (Vj [) , and ( 10) translation fuel used (U-p). In addition, t\/o 
variplotters v re i 1 to obtain histories of R versus R and X versus 2 
for each run. 


CFP TRANSFER ORBITS STUDIED 

Three different transfer orbits associated with tho concentric flight 
plan wore used as a basis for the study. They ar_ as follows: 

1. 140-degree transfer from 6$ n.m. circular orbit io 80 n.m. 
circular orbit (nominal launch-intercept velocity of 29 fps#) 

2. I^O-degreo transfer from 30 n.m. circular orbit to 30 n.m. 
circular orbit (late launch-intercept velocity of 74 fpa*) 

3. 140-degree transfer from 118 n.m. circular orbit to 80 n.m. 
circular orbit (abort from powered descent-intercept velocity of *j/ { fps* ) 


“The value o f/t used in the simulation 1.729344 * 
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Figuro 9 illustrates tho relative path flown by LHM for the transfers 
citod above. Tho trnr.nfer paths nro refero eed to the CSM locul vertical 
reference 1 frame. The initial conditions ft r the >\ o three intercept 
transfers fro given 5n Appendix R. 


Initial Condition F.ri’ors 

For thin study, it wan assumed that tho prlm»iiy s/ste" had failed prior 
to tho transfer injection maneuver and that the transfer injection and 
midcourae correction noncuvers had been made with the AGS using KSFi! 
navigation data, Thun, it was pocnible for certain position end 
velocity errors to exist at tho beginning of tho terminal phase. 

To simulate tho I'SFN navigation errors involved, random component initial 
condition errors were generated using tho MSFH error covariance matrix 
obtained from MPAD. (These errors are comparable to MBFN performance 
given in MFAD memo ho. 66-EM4-58. ) The following standard deviations 
were obtained from tins matrix* 

tf^nngo - 333 foot 

A 

C range-rate *= 0.320 fps 

^ln-plune LOS - 170 foot 

A 

O in-plane I,0S ruta - O.lo fps 
C^out-of -piano I OS - &13 feet 
0 out-of -plane LOS re to ~ 0.71> fps 

To i certain that the backup control nodes would bu evaluated for worot 
cast; 7SFH performance, random component error vectors wore generated 
which were approximately A. 5 times as large as those given above. 


} 


J 


pup ' to range vector 
perpendicular to range vector 


BACKUP CONTROL LODES INVESTIGATED 

The following PNGS-AGS configurations were investigated: 

Care 1 .~ The primary navigation sensor for the LIT! was LOhSj however, it 
was assumed that MSFN was the only remaining navigation source for state 
vector updates. This assun.es a failure in LORS or LGC plus a CS t !-AGC, 
CSW-SXT, or SCM-VHF failure. For this case, the AGS did not have tho 
capability to compute and display range and range-rate to tho pilot for 
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. 


terminal control. A block d iugn ti or tho backup control nodo simulated 
lr. givvn below* 


R,R t- H 


p ^update T 71 n-^ruuil 
l Jut 6o # CGO L. .... -I oontrol 




foot 


)AJo 


s 

rate 


[Ait. Slab. > | reticle? 


Tho control procedures used with this backup control wodo arc: an follows, 

^OS-R/ito Control - Tho procedures* given bc3 ow arc used to monitor and 
coritrol the LOa-rnto continuously except during range-rate braking 
mnneuvoro. 


Procedure 

_ 

1. 

2 . 

3. 

4. 


5. 


Tank 


6 . 

7. 

8 . 

9. 


Center target In rt tie! • . t atti to I ;i > 

put spacecraft in attitude-hold control! mode. 

: * (tacit nt titter) required for target 
to drift to S»0 mr circle of reticle. 

Jf the olap3ed tl mo was greater than 2^0 seconds go back to 
procedure no, 1j if elapsed time w> s loss them 2^0 seconds, 
to to proccduro No. 4* 

Determine LOS-rato magnitude using figure 13« 

Determine correction required in !<0S~raic magnitude using 
figure 14 (use of this chart is explained in DISCUSSION OF 
BACKUP TECHNIQUE) . 

Roll spacecraft (pilot roil) so that DOS motion is parallel to 
spacecraft vertical or lateral axis. 

Center target in reticle using spacecraft attitude control. 

Make required LOS-rato correction using spacecraft translation 
control ( AV is monitored using ACS A V indication). 

Go to procedure No, 1, 
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1 O'. - ■ ran gi 1 rtU br king rani tvcri it elnj 1 13 

joints jncUcr.tr.i Jn figure 1) (usa of this chart is explained in 
DISCUSSION Of’ BACKUP TXHNIQ'ILS) . 


Case Thi o< figuration of this backup mode wan tho i :;e 1 

. 

trajectory thereby provJcting n display of range and range-rate cu tho 
] The r. . I ie girea in the bloe] diagren b 3 i 





thrust at ranre rn tea 


Tho control procedures used with this backup control mode are as follows: 

liOS-Rato Control.- The procedures given below aro used to monitor I .OS-rate 
continuously and make correctlc.is r.t. r nge gates.# 


Procedure 

No, 


Tank 


1 . 


Center target in reticle using spacecraft attitude control; 
spacecraft in attitude-hold control mode. 


put 


2 . 


elapi d til e (u ling event timer) for target to drift 

to 50 mr clrclo of reticle. 


3. 


Make LOS-rate corrections as required (3.e., when timed IOS- 
rate is above 0,? mr/sec) at each rango gate given in 
figure 15. This chart gives the thrust direction (referenced 
to LOS) required for a combined LOS-rute and range-rate 
correction at each range g; to. Details of the use of this ch'rt 
aro given in DISCUSSION OF BACKUP TfJlHKIQU jjS. 


*Mnke LOS-rate corrections between range gates only when it 
appears that the range-rate will drop below tho range-rate 
specified for tho next range gate before that range gate is 
reached. 


Ranp. o-l k.ite Control . - Make range-rate braking maneuvers as required at 
each range gate given 5n figure 15. 









IP 


Cais 3 .- This 1 control mode a. I tl t the LEM contain ] ■ RR, 

It war also a sou: e ' th' t the ICC had f riled so that the KH displays 
voro used directly by tho pilot for manual control of <hc teiminal phase 
of rondozvous. The block diagram of this ay*. te.-.i is shov/n below: 



A, i, A , £ 
dir olnya 





manual 
o tro] 


thru: 4. a t ranr * ■ _rut or> 


LOS-rate ar c! rungc-rate corrections arc made at range gates using a chart 
similar to that of figuro 15. Deviations from this chart nro explained 
in DISCUSSION 0?" BACKUP TECHNIQUES. 


TEST SUBJECTS 

Three test oubjocts flew a major portion of the simulator runs* an 
engineer-pilot with Pf>00 hours aircraft flying tine and 1P00 hours 
simulator time, an engineer with approximately 1000 hours simulator 
time flying LEM end Gemini rendezvous but no aircraft flying experienco, 
and an engineer with 10 hours simulator prior to this study. After the 
tost matrix was co: -lota, five astronauts made several familiarization 
runs each. 


TEST MATRIX 

The test matrix used in the simulation is given in, appendix C. Puns were 
made for the CFF transfers discussed earlier using 1, P, and /■ . f» o' MSFK 

errors generated randomly. 

In addition to these test cases, several runs were made using tho case 1 
backup control mode for e. critical failure. First, it was assumed that 
the PNGS obtained a navigation update using L0RS just prior to the ascent 
maneuver. Then it was assumed that no navigation update was available to 
the LEM after ascent injection. Thus, tho LEM PNGS operated open loop for 
the remaining thrust maneuvers of the CFP find the ascent errors wore 
propagated to tho beginning of the terminal phase of rendezvous. This 
error propagation resulted in standard deviations for range and range- 
rate of 10,000 feet and 16 fps, respectively. These propagated errors 
v/cre used to generate random initial condition errors for the 30 n.ml, to 
80 n.mi, transfer. 
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Discussion OF BACKUP TWGHHIQUES 
MSKN - I!o AGS computations (Casa l) 

; • oas< 1| It vmi M t a updi to of range, 

range-rate, and transfer attitude at the beginning of the tetuJnal phase. 

Fr< m thin point on, the pilot continuously obtains! curr. at csti' • tos of 
range and range-rnte using elapsed time from the start of the problem and 
the range/ range-rate tl le hleU ry chart shovi in figure 10. This technique 
is baaed on the fact th’at if adequate line-of-sight rate coutrol Is main- 
tained, the range and range-rate for an intercept transfer can be prepared 
beforehand in chart form as function of elapsed time from a sot of initial 
conditions for different transfer altitudes. Figure 10 is such a chart, 
Thun, the first range-rate braking maneuver was made when the elapsed 
time reached that indicated by the intersection of tho dashed lino shown 
on the chart end tho range/ range-rate time history corresponding to the 
particular transfer being flown. At this point, the range-rale was 
reduced to 25 fpc using the (S V Indication of the AOS. Tho next braking 
maneuver came after the pilot determined an apparent target grov.'th which 
was programed to begin at a relative LEM-CS'I rango of 1^00 feet. Thus, 
the second braking maneuver usually occurred nt a rango of the order of 
900 feet. The range-rate was reduced to 5 fps, again using the AGS A V 
indication. The final 5 fpo of rango-rate vac cancelled when an estimated 
rango of 100 feet or loss was reached. 

To determine what LOB-ratcs were required for efficient transfers, time 
histories of LOS-rate versus range were studied for the different CFP 
transfers. These time histories are shown in figure 11. It can bo 
seen that the I-OS-rste approaches z,oro as range approaches zero for all 
the transfers given (only true for intercept transfers). Also, it can be 
seen that tho outer limits of all the LOS-rate plots can be represented 
by the dashed linos as shown. Satisfactory LOS-rate control could bo 
maintained by keeping the LOS-rate within the area bounded by these 
dashed lines. These limits would be used as shown if it were possible 
to determine the LOS-rate exactly. However, because of sensor errors, 
the control limits must be modified, depending upon the magnitude of 
uncertainty in LOS-rate. For the backup control mode under discussion, 
the LOS-rate was determined with the use of a MK9 gun sight used as a 
collimated reticle. By making sightings with this reticle and comparing 
the LOS-rate obtained with the true LOS- rate given by the simulation com- 
puter, i t was found that the LOS-rate uncertainty was usually below 
0.1 mr/sec. Thu 3 , the upper limit on LOS rate was maintained at 0.2 mr/sec 
from 45,000 feet to 0 feet range. 

To monitor and control the LOS-rate down to the 0.2 mr/sec limit, the 
p>ilc>t continuously timed the LOS-rate with e reticle pattern as shown 
in figure 12. Because the limit cycle motion was simulated, the pilot 
had to estimate when the center of the limit cycle was coincident with 
the intersection of the cross hairs (tho deadband of j.0.3 degrees is 
approximately equivalent to H_10 mr) . The pilot then recorded the time 
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required for tho target to drift to the first cl *c le ( 3 0 nr radius). Again, 
tho pilot h^d to or .’mate when the center of the limit cycle fell on the 
circle being us d (lor high 1-011 rotes, the 100 n»v radius circle wan used). 
The chart rhown In figure 13 was then ue r d to deteinino the LOS role In 
ar/eec • Finally* the pilot used the ch-.rL 14 i 

the I«0S rate correction in fpe if one woo required (that is, if t-hc timed 
L03 n I vi i above 0*2 i r/eeo)« The pilot used thi chi rt In the following 
manner: 


1. find Intersection of timed LOS rate with range corresponding to 
current range estimation (range estimated using elapsed time from start 
of problem and chart shown In figure 10 ); 


2. record LOS rate in fps for this intersection point; 

3 . follow constant range lino down to intersection v.'ith dashed line; 

4. record LOS rate in fps for this intersection point; 

3 . difference between the t\;o LOS rates is the correction required. 

The pilot then made the correction In the direction of target drift. 


When simulator runs were made using the 30 to 80 n.rc. transfer where 
ascent * • . 1 l bosa propagated to thi beginnini of th« tsrmi 1 pi 

this backup control mode vac also used. However, one significant change 
was made in the backup mode configuration. Wo LS1W update was given to 
the pilot at the 1 gin ling of the tenolnal phase. Thus, the 1 only Informa- 
tion the pilot had eone ming his ran| and rai ’ y • tl 
values given 5.?.» the ch-rt of figure 10 end the kuqvrlcdga that errors lu 
large and range-rate were d Cii . v : . ■ t i <S -i 

16 fps. In this case, figure 10 would have to cover the elapsed time from 

tho transfer maneuver. Because of these large uncertainties, the first 
range-rate braking maneuver was mado at an estimated range of 18,000 feet 
rather than 10,000 feet. Also, the range-rate was only reduced down to 
an estimated -63 fps instead of -23 fps. This assured an intercept 
velocity of at least -23 fps in the event the errors in range-rate wore 
3ef' on tho low side. The LOS rates wore controlled in the manner 
indicated above. 


MSFH-AGS Computations (Case 2) 

The configuration used in this case was identical to case 1 except that 
tho AGS was assumed to be able to integrate the trajectory and provide 
range and range-rate through the DEDA. Because It was possible to 
display cither of these two quantities at any time, tho range-rate 
braking maneuvers were made at range gates lather than elapsed time 
intervals. The chart shown in figure 13 was used to combine the LOS-rate 
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end rango-rnto corrections into one bum. The manner in vhich this chart 
was used Is an follow**.: 

1. Aftor th'3 current LOS-rate and range-rut o have been deter tncd, 
locate the intersection of there two quantities for the upcoming range gate. 
This intersection detn?' in on the correct LOS angle to be used for the 

Q| ming thrust aanew . An interi ti ' h /,y' j i 
that the vertical jets should bo used if the I^OS-rate is parallel to this 
axis or the lateral jets if the I-OS-rate is parallel to the lateral 
spacecraft aria. For intersections below the 45° line, the longitudinal 
jets are always used. This allows the LOS angle to always be maintained 
below 45°. 

2. Control the attitude of the spacecraft to the required azimuth or 
elevation angle, 

3. Thrust in the required direction until the LOS-rate and range- 
rate have been reduced to the lowest value given on the scales for the 
current range gate. 

However, LOS-ratc corrections were also made between range gates when it 
appeared to the pilot that the range-rate would drop below the range-rate 
specified for the next range gate. A collimated reticle was again used 
for LOO-rate determination and the rate was reduced to 0.2 mr/sec at. each 
ranga gate as shown in the chart. It should be noted thrt although the 
chart gives range gates all the way from 120,000 feet range, the first 
two range gates do not apply to the OFF. All nine rango range gates, 
however, are used for direct ascent transfers. The last range gate in. for 
a range of 100 feet. At any range gate, the range-rate is controlled to 
that value indicated at the left end of the range-rate scale for that 
particular range gate. Seven range gates arc used, for the case 2 backup 
mode compared to three range gates for case 1 because of the difference 
in determining range and range-rate. If the type of braking schedule 
used for case 2 backup mode wo re used for case 1 backup mode, then for some 
transfers, a braking maneuver would bo made ns far out as 60,000 feet range. 
If this were done, then the range/ range -rate time history chart (figure 10) 
could no longer be used for the remainder of the transfer. Since, for 
the case 1 backup mode, the first range-rate braking maneuver is delayed 
until an estimated range of 10,000 feet is reached, the pilot can use the 
chart all the way into the point where target growth becomes apparent. 
Delaying the first braking maneuver until 10,000 feet range also assures 
the pilot that the closure rate is high enough to insure an intercept 
even if the LOS-ratc control is not precise. In case 2, the abort 
sensor assembly (ASA) senses any braking maneuvers made, and thus, the 
AGS is able to provide current range and range-rate no matter where the 
braking maneuvers are made. Because of this, the braking maneuvers can 
be spread over a greater range to allow for a more comfortable braid ng 
schedule. 
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This backup mode required $ chart similar to the one shown )n figur • 13 
for vector summing of the R and IXlS-rate corrections « The only difference 
in the chart used for this backup mode from the one used for case 2 was 
that th i LOS-n t v. . ooi fcr lit S do i to 0.3 ar/seo for all n ige f ' ■ 
from (o,ooo feet Instead of 0.2 mr/sec foi all range gates from 45*000 
feot. The reason for this is that the LOS-rate uncertainty using radar 
is 10.2 mr/mo which is o. i nr/seo higher than the uncertainty using a 
reticle. 


DISCUSSION OF TEST RESULTS 
Range-Rate Rraking Schedule for CFP 

Prior to this study, it v/as known that the most economical range-rate 
braking schedule for any rendezvous transfer va 3 one which does not 
increase the range-rate unnecessarily at any of the range gates. However, 
other factors mu 3 t also bo considered. First, the A V required at any 
range gate is limited by the acceleration capability of the spacecraft 
and the allowable thrust duration of the engines. Secondly, tho total 
A V required for tho terminal maneuver should bo divided approximately 
equally between ill the range gates used to allow time to monitor the 
I/lS-rate between each range gate. 

For tho CFP, it was found that a very good broking schedule could bo 
obtained simply by constraining tho range gates end associated range- 
rates to fall on the range/ range-rate time history plot for tho nominal 
CFP transfer (63 n.m. - BO n.rn.). The reason for using this transfer 
was that, of all the transfers possible which circularize between the 
altitudes of 30 n.m. and 63 n.m., this one has the lowest intercept 
velocity. Results indicate that the same braking schedule will be 
equally economical for all tho other transfers because the range-rate 
will not be increased at any range gate. Of course, as the closer ranges 
are approached, the range/range-rate gates deviate from the range/range- 
rate time history of tho 63 n.m. - 80 n.rn, transfer so thr ' the intercept 
velocity will be 0 fps instead of 29 fps. Tho range rate braking 
schedule which evolved from this study (for manual control) is given 
below: 
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Range-Rite Braking Schedule* 


Range 

(foot) 

Range-Rate 
('■• : ) . 

120,000** 

130** 

90,000* * 

100** 

60,000 

70 

45,000 

60 

30,000 

50 

15,000 

35 

5,000 

15 

1,000 

5 

100 

1 


*It should be noted that a yx of 1.729344 x 10 1 was used 5n determining 
this braking schedule. The current value of /t for the moon (officially 
documented by NASA) is 1.73 x 10**4 and thus, the above braking schedule 
should bo slightly modified for actual T. PM flights: 

**l)sed only for direct ascent. 


A V Perfoimance of Backup Control Modes 

Kffoct of MSFN Err ors.- A summary of the A V performance obtained for the 
three backup control modes investigated is given in figure 16. The bar 
charts indicate the average A V used by each backup control mode for 
each of the three transfers flown. The averages and standard deviations 
shown were calculated only for tho runs made with 1 and 2 d MSFN naviga- 
tion errors. Individual data points arc plotted for the runs made with 
4.5 d* MSFN navigation errors. 
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For tho 65 to SO n.m, transfer and 30 to 30 n.m, transfer, the chart rh a/s 
that tha AV averages and standard deviations are verj nearly ) for 
all three backup modi :» evaluated. On the 113 to C'j n.m. transfer, the RR 
backup mode \ \ oi U e an , 1 1 fpa leee dV the i th be . : 

where only FSI'N chit', wore usod with charts end i reticle. This, however, 

: rir;r-* H rar.t. s vil •. 11 as it |UnOUnt8 to abOttt 5 pOUJ Is Of 
fuel. With the exception of three of tho 18 dati points, the oai is using 
4.5 6^ MSEN erroro required 3 to 13 fps more A V than tho average for 
tho 1 (f case3. For tho 65 to CJ n.M. transfer using 4.5 cf errors, one 
of the runs made with NSFK/AGS required a A V of 66 fps which war 26 fp.i 
over tho average. In examining the data obtained, it was determined that 
two bad LOS-rate corrections were made on thin run which accounts for the 
increase in A V. The other tv/o runs not agreeing with the rest o r the 
data were rune made with HR for tho 30 to 80 n.n. tr*nafcr using 4.5 (f 
errors. Tho A V used in both of those rune was below the A V average 
for RH and 1 d* MSFH errors. After examining the data for these runs, 
no discrepancy could be found. Thus, it appears that the pilot merely 
made two very good runs in succession. 

Effec t of P rop a gat ed l scent Err ors.- Five runs v/cro made for the 30 to 80 n.m. 
transfer where ascent errors were propagat ! to the b gi ing of th< 
terminal phase. As stated earlier, these errors resulted in standard 
deviations in range and range-rate of 10,000 feat and 16 fps, respectively. 
Tho average A V used for these runs is ale * 5 » -.V a tod in figure 16. As 
uq, tl A V wee 128 fps with a standard deviati of 13 fps* 

This is an increase of 34 fpr over the average A V used where KSFi'l 
navigation w c used for midcourse corrections and pilot updating. This 
increase was caused by two faotoret ( 1 ) large uncertainties In range end 
re t ■ f (pilot ell wed for 3 <f errors In range end r rate) and 
(2) i stui 1 c t rors in r nge i nd rang i t . Foj this pi t5 lar ti 
(30 n.m. to 80 n.m.), the intercept velocity is 74 fps. To insure an 
intercept velocity of 25 fps with the trajectory errors that wort 
possible, the range-rate had to be controlled in such a manner that caused 
tho rangc-rato to be high for the transfers flown with zero errors or 
with errors which increased rather than decreased the range-rate. Because 
of this, the CSM was passed up in three of the five runs made. In these 
three runs, the target was passed up 500 feet, 1000 feet, end 3500 feet; 
however, the pilot had no control problem in getting back to the target, 
other than using slightly more fuel than usual. Errors as large as this 
would require tho transfer used bo constrained to the group of transfers 
with an intercept velocity of 70 fps or higher. 
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i> Contro l.- Tho study indicated that LOS rate could be controlled 
tctorily using a retiole, timer, end charts, This method of c , 
: , requires an attitude stabilized vehicle using an att-itudo dcadbr I 
ler of 0(3 cV.-gr . VI • r LI * formation was use 

sible to use the 5-degree attitude deadband during non-thruf ting 
S ■> : 1 \ 11 in this 1 

was determined that approximately 5 pounds of attitude fuel could bo 
for tho taiminnl phase, For all the runs ruado (excluding tho 5° 
r.d runs) th' attltudo fuel us ! go averaged about 23 pound,?. 


CONCLUSIONS 


This study resulted in the following conclusions: 

1, A very adequate control of LOS-rato can be maintained using n 
reticle and timer with the LKM attitude stabilised if the CSM can be 
soen visually. 


2. V/ith proper LOS-rato control, the pilot can obtain a very close 
approximation of range and range-rate through tho terminal phase of 
rendezvous using a range-rate timo history chart for CFP transfers and a 
timer. This requires that an update of range, range-rate, and circularise** 
lion altitude be given to tho pilot by KSKU before the terminal phase 
begins. 


3. If visual acquisition of the 
the terminal plie.se of rendezvous can b 
and proficiency using a reticle, t3’ er 
stabilization / nd rendezvous charts as 


target arid MSF1J tracking are possible, 
3 accompli she :1 with as much confidence 
, AGS A V Information, AGS attitude 
it can with rendezvous radar or LOUS, 


4, V/ith an increase in A V usage (but still within budget), tho pilot 
can adequately control tho terminal phase of rendezvous without any naviga- 
tion updates even when standard deviations in range and range-rate of 10,000 
feet and 16 fps exist. 


5. Although a complete task analysis was not conducted, it appears 
from the simulations conducted that a single crew member could complete 
the required control tasks and chart reading with adequate residual time 
to maintain a minimal (emergency) timeline of radio communications and 
systems monitoring. 


RR-'KRHC/n 


1. McDonnell Its Corporations ’ ' Ini VI Rendezvous Procedures 
and Flight Charts," G 2 r.ini Resign Note Ho, 317. 

2. HoM| Onu C., i .1, Alfred J, , KfthlblUM) Villll * M* J: **i 

Piloted Simulation Study of tho Gemini -Agena Rendezvous With mid 
V/ithout Canted NozzleR," Langley Working Paper No. 87. 

3 . Simpson, Ronald l/., Stull, Paul J.: **A Study of the Dynamics 

Involved in GT-4 Booster Separation and Return Maneuver.” M3C 
Internal Note No. 63-3 j~/,1. 

4. Simpson, Ronald V/.: "A Hybrid Simulation Study of tho GT-6 

Rendezvous Maneuver,” KSC Internal Note No, 65-H1-44* 

5. Simpson, Ronald W., et al: "Simulation Study of Manual Control 

Techniques for Lunar Orbit Rendezvous,” MSC Internal Note No. 
65 - 1 ) 3 - 33 . 


% 


AK'EIDJX /• 
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The Lfll simulated for th n pu. pone of this study hnd the following 
character! sliest 


m o 

= 159 slugs 

(initial) 

*xx 

= 1476 slug ft* 

(constant) 

1 

l y y 

= 2557 slug ft 2 

(constant) 


« 2724 Slug ft 2 

(constant) 

*xy 

= -13 slug ft 2 

(constant) 

lyz 

=-- -44 dug ft 2 

(constant) 

*xz 

*= -173 slug ft 2 

(constant) 

*cg 

= 0.0333 ft 

(constant) 

*cg 

= 0.0500 ft 

(constant) 


= 0.000 ft 

(constant) 

^‘pads 

= +14.23 ft 

(constant) 

1 

Z fiGS 

- 0.00 ft 

(constant) 

Hep 

- +1100 ft-lbs 

(roll ) 

Hcq 

= +1100 ft-lbs 

(pitch) 

Her 

s tIOOO ft-lbs 

(yaw) 

Tx 

= +200 lbs 


T 

= -1200 lbs 


y 



T z 

= +200 lbs (4 jets 

can be used which will give a thrust 


+400 lbs) 

I B p(H0S) 

= 275 sec 
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Appramx b 

InHi : r, • ■' • ’ 1 ’ ' 


VHOhlW VAT:1/.B 113 


TRAWSFiia 

n 

(fcot) 

*i 

(fN t ) 

h 

1 (loot) 

XI 

(l>s) 

h 

(ip.;) 

h 

(fpl ) 

H 

(feet) 

• 

R 

( pa) 

X 

(degrees) 

C r ) n.m. — - *- CO n.m. 
transfer 

(-45® longituda L.8*) 

-38,623 

0 

-34,494 

+54.7 

0 

+41.0 

54,529 

-67.7 

+107.2 

30 n.m* — > CO n.m, 
transfer 

(0° longitudo L.S.) 

-21,848 

0 

+$4,005 

+45.4 

0 

+71.5 

J8.257 

• 

-83.3 

+52.3 

110 n.m. • — *- CO n.m, 
transfer 

(-45° longitude L.S.) 

HI. 737 

0 

-23,257 

-53.1 

0 

+13.3 

47,779 

-52.9 

+102.1 


The 7>i axis r.3w yr. represents 
tbs landing site (L.8.) local 
vertical rnd tho Xj axis point's 

in tho direction of CSM orb it a] 
motion at the L.S. Tho Yj axis 
completes tho right-handed sot. 























apphiqix c 

Si: : 


Transfer 


6$n,m. to CO n.t . 
tranafor 


Pact: up Control HoJe MSI 11 error a uscO Me. of I is 


C: fl« } (liSr lI update- 
H/H tJmo hi f;tory chart 

used. ) 

Case ✓ (.' 

ASS display of It , ft ) 


Caoo 3 (HR) 


Caso 1 


30 run. In SO n.in. 
transfer 


Case 2 


Case 3 


118 n.m. to 80 runs* 
tr«mnfcr 


Cose 1 


Case 2 


Case 3 


Cages 1 (no MSi'N update- 
30 n.rn. to 80 n.rn, H/k tine history chart 
transfer used.) 


1<< 

2 * 

L%l£ 

U' 

. . / ' _ 

'1 

2 <* 

Ltl€- 

Propagation of 

ascent errors 
(f rango= 1 0 , 000 f l 
Grange - 16 fps 
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FIGURE 2 - SIMULATION BLOCK DIAGRAM 





EQUATIONS OF MOTION 
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SURE 4 - PITCH ATTITUDE CONTROL CIRCUIT 
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FIGURE 5 - YAW ATTITUDE CONTROL CIRCUIT 
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SIMULATED LEM CONTROLS AND DISPLAYS 







FIGURE 9 - LOCAL VERTICAL PLOT OF LEM RELATIVE POSITION FOR CFP TRANSFERS 
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LOS ANGLES REQUIRED FOR VECTOR SU!1 THRUSTING 
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FIGURE 15 - RANGE- RATE/LOS-RATE VECTOR SUM CHART 


















